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Electrostatic adhesion processes are used in preparing composite aerosol particles 
with the electrostatic adhesion force acting between electropositively-charged and elec- 
tronegatively-chalgeded particles. This process enables one to disperse the core and sub- 
component particles more uniformly and to control the amounts of subcomponent 
particles adhered to the surface of individual core particles by adjusting the charging 
voltage. Using the composite particles prepared by the electrostatic adhesion process as 
a starting powder for sintering, a composite bulk body of the Ba,YCu30,.. oxide su- 
perconductor with BaZr03 inclusions is produced. Ba ZrO, particles with diameters 
less than 100 nm are unifoMly dispersed in the Ba,YCu30,.. matrix. The composite 
bulk body shows improvement in critical current density, which is based on the uniform 
dispersion of fine BaZrO, particles as magnetic flu pinning centers. These advantages 
are attributed to the uniform dispersion of-BaZr03 over the whole starting powder. 

introduction 
Aerosol processes have been established as important 

techniques for preparing ultrafine particles of uniform size, 
morphology and high chemical purity (Okuyama et al., 1991). 
It has been found that an electrostatic force is effective in 
controlling the agglomerate structure by adjusting individual 
aerosol particle mobility (Matsuyama and Yamamoto, 1987). 
Titania-polystyrene latex composite particles have been pre- 
pared utilizing an electrostatic agglomeration (Endoh et al., 
1989); however, there are few reports on composite particle 
preparation using an electrostatic force. 

This article is concerned with the control of the amount of 
subcomponent particle adherence to the surface of a core 
aerosol particle (quantitative composite particle preparation) 
through the use of a bidirectional monopolar ionic charging 
method. Figure 1 shows an example of a subcomponent: a 
core particle agglomeration ratio of 1:l and 4:l for charging 
levels - 4 + 4 and - 4: + 1, respectively. In this electrostatic 
composite particle preparation process utilizing electrostatic 
adhesion, the charging polarity and rate supplied to the indi- 
vidual particles are controllable using compulsory ionic 
charging. This is possible even though the difference in the 
series of frictional electrification of the particles is not large. 
This work also studies the utilization of composite particles 
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as a starting powder for sintering, thus ensuring the uniform 
dispersion of fine subcomponent particles with diameters less 
than 100 nm in a sintered body. In the case of an oxide 
superconductor, since moving magnetic flux produces an 
electric resistivity, magnetic flux pinning is important. A non- 
superconductive phase dispersion of flux pinning centers is 
effective for flux pinning enhancement. The finer the disper- 
sion of the phase, the larger the pinning contribution and, in 
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Figure 1. Quantitative composite particle prepared by 
the electrostatic adhesion process. 
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turn, an improved critical current density (Murakami et al., 
1991). Utilization of composite powder comprised of super- 
conductive (core) and nonsuperconductive (subcomponent) 
particles as a starting powder for sintering is effective in uni- 
formly dispersing fine subcomponent particles (Takao et al., 
1995). In this study, composite particles consisting of 
B~,YCU,O,-~  as core particles and BaZrO, as subcompo- 
nent particles (flux pinning centers) were utilized. 

Experimental Setup 
Scheme of electrostatic adhesion process 

As shown in Figure 2, this process consists of an initial 
subprocess which supplies an aerosol particle by a mist pyrol- 
ysis method (aerosol generator), a second subprocess which 
charges the particles via a bidirectional monopolar ionic 
charging method (charging unit), a third subprocess which 
mixes the charged particles by an AC electric field (mixing 
unit), and a final subprocess which collects the resultants by 
an electrostatic precipitator (ESP). In this article, the powder 
collected at the ESP is termed the composite powder, and 
the individual agglomerated particle is termed the composite 
particle. 

The subprocess for the generation of core and subcompo- 
nent particles uses the mist pyrolysis method. Droplets of ni- 
trate solution produced by an ultrasonic nebulizer (vibration 
frequency: 1.7 MHz) were utilized. The droplets were fed with 
the aid of oxygen gas into each reaction zone having a 27- 
mm-ID, 800-mm-long heating element. The prepared parti- 
cles were supplied into each charging unit with Ar gas. The 
gas was used to prevent the adhesion of particles to the wall 
of the preparation line and to produce the plasma at the 
charging unit by the dissociation of Ar. The charging unit is 
comprised of a 35-mm-ID, 70-mm-long alumina cylindrical 
charger (Masuda Laboratory Co.). The charger uses a bidi- 
rectional monopolar ionic charging method capable of charg- 
ing up to the saturation level in a relatively short charging 
time. The static electricity applied to core particles and sub- 
component particles were set to the opposite polarity. The 
charged particles were fed into a mixing unit. The mixing unit 
is comprised of a 50-mm-ID, 130-mm-long alumina cylinder. 
The mixing unit subprocess is used to increase the particle 
flow rate in the direction perpendicular to the main flow by 
using an AC electric field. Since the Coulomb effect acting 
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Figure 2. Experimental setup of the electrostatic adhe- 
sion process. 

between the core and subcomponent particles is amplified, 
subcomponent particles adhere to core particles in specific 
ratios, and a uniform composite particle is produced in the 
mixing unit. The resultant powder, consisting of individual 
composite particles, is collected by a DC corona discharge 
type electrostatic precipitator (ESP). 

Experimental conditions 
The core particle of yttrium oxide superconductor 

(Ba,YCu,O,,) was produced by using a nitrate solution with 
an atomic ratio of Ba:YCu = 2:1:3. Ag or BaZrO, was uti- 
lized as the subcomponent particle. Ag was produced by us- 
ing a nitrate solution of dissolved Ag,O. The Ba,YCu,O,,- 
Ag composite particle was used to verify the contribution of 
the electrostatic force for dispersing and mixing the individ- 
ual particles more uniformly. Since Ag particles are easily 
distinguishable from Ba,YCu,O,, in scanning electron mi- 
croscope (SEM) observation at low magnification, the distri- 
bution status of each particle is easily confirmed over the 
whole of the composite powder. The concentration of nitrate 
solution and the carrier gas flow rate were set to 0.05 mol/L, 
1 L/min, for Ba,YCu,O,, and 0.04 mol/L, 3 L/min for Ag. 
The BaZrO, subcomponent particle was produced by using a 
nitrate solution into which a zirconia sol was added for a 
chemical composition of Ba:Zr = 1:l. The B~,YCU,O,-~  
BaZrO, composite particle was used to verify the level to 
which BaZrO, adhered to a Ba,YCu,O,, particles, and to 
confirm the improved characteristics of the sintered body 
produced from the composite powder. The concentration of 
nitrate solution and the carrier gas flow rate were set to 0.1 
mol/L, 1.5 L/min for Ba,YCu,O,, and 0.0005 mol/L, 4.5 
L/min for BaZrO,. Feedstreams of core and subcomponent 
particles were kept at 950°C. 

Both Ar gas flow rates for core and subcomponent parti- 
cles were set to 1 L/min to prevent particle adhesion and to 
produce plasma by Ar dissociation. Charging voltages for each 
particle were adjusted between 0 kV and 20 kV/500 Hz at a 
constant excitation voltage of 5 kV/20 kHz. The static elec- 
tricity applied to the Ba,YCu,O,, core particle was nega- 
tive, while that applied to the subcomponent particles (Ag or 
BaZrO,) was positive. The AC field of the mixing unit was 
set to 20 kV/200 Hz. The ESP used a disc (SUS304) of 150 
mm in diameter and a 10 kV DC corona discharge. 

Collected powder was shaped to the size of 20 mm x 3 mm 
x l  mm by uniaxial pressing, and pressed by cold isostatic 
pressing at 200 MPa. The compact body was sintered at 900 - 910°C for 30 h, and then annealed in an oxygen flow at 
500°C for 40 h. 

Evaluation 
The collected powder at the ESP was evaluated by X-ray 

diffraction analysis (XRD), SEM observation, and analytical 
electron microscopy (AEM). The contribution of electrostatic 
force for uniformly dispersing the individual particles was 
verified by SEM analysis of the Ba2YCu,0,+rAg composite 
particle. Quantitative control of subcomponent particle ad- 
herence onto a core particle was verified by AEM analysis of 
B ~ , Y C U , O , ~ ~ B ~ Z ~ O ,  composite particles. Polished surfaces 
of sintered bodies were observed by SEM and electron probe 
microanalysis (EPMA). Zr concentration was evaluated with 
inductively coupled plasma emission spectroscopy (ICP) of 
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Ba,YCu,O,,-BaZrO, composite powder. The temperature 
dependence of electrical resistivity was measured by a DC 
four-probe method with a current of 10 mA, and the trans- 
port critical current density (.Ict) was evaluated by a DC 
four-probe method with a criterion of lpV/cm at 77 K in OT 
(Mizutani et al., 1989). The magnetic hysteresis loops were 
measured with superconductive quantum interference device 
magnetometer (SQUID). The onset critical temperature 
( Tc(onset)) was confirmed by the temperature dependence of 
magnetization. The end point of critical temperature (Tc(end)) 
was measured from the temperature dependence of resistiv- 
ity. The intragrain (magnetic) critical current density (Jcm) 
was determined using the assumption of the Bean critical state 
model, that is, J,, = 20A M/d. The width of the magnetic 
hysteresis loops ( A M ,  emu/cm3) were obtained from the 
loops by increasing and decreasing magnetic field at an ap- 
propriate temperature. The average grain size was deter- 
mined as the appropriate length (d,  cm) derived from the 
Bean model (Mizutani et al., 1989). The grain size was ob- 
tained from SEM photograph. 

Results and Discussion 
Composite particle 

Figure 3 shows how the composite status varies in response 
to a change in the charging voltage when core particles and 

subcomponent particles are mixed. These are SEM pho- 
tographs of the Ba,YCu,O,,-Ag composite powder col- 
lected at the ESP. Figure 3a shows the composite status for 
the mixing of uncharged Ba,YCu,O,, and Ag particles. Fig- 
ure 3b shows the case for both Ba,YCu,O,, and Ag parti- 
cles charged to 5 kV. Figures 3c and 3d show the case for 
both particles charged to 20 kV. As is clearly shown in Figure 
3a, both uncharged Ba,YCu,O,, particles (large, gray) and 
unchanged Ag particles (small, white) show nonuniform ag- 
glomeration. As can be seen in Figures 3b and 3c, agglomera- 
tion is eliminated by charging the particles and increasing the 
charging voltage. Figure 3c indicates that both Ba,YCu,O,, 
and Ag particles are uniformly mixed. Figure 3d shows the 
photograph of the powder in Figure 3c at high magnification. 
Ba,YCu,O,,-Ag composite particles in which Ag particles 
are adhered onto the surface of a Ba,YCu,O,, particle were 
then prepared. This improvement of the distribution status of 
each particle is likely based on the electrostatic repulsion be- 
tween particles charged to the same polarity, and the electro- 
static agglomeration between particles charged to opposite 
polarity. 

Figure 4 shows how the adhesion of subcomponent parti- 
cles varies in response to the change in the charging ratio of 
core and subcomponent particles. Figure 4a shows the trans- 
mission electron microscope (TEM) photograph of a 
Ba,YCu,O,,-BaZrO, composite particle prepared at the 

Figure 3. Scanning electron micrographs of Ba,YCu,O, - -Ag composite particles. 
(a) Uncharged; (b) Ba,YCu,07.X = 5 kV. Ag = 5 kV; (c) and (d) Ba2YCu,0,, = 20 kV, Ag = 20 kV. 
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Figure 4. Transmission electron micrographs of Ba2YCu,07.x -BaZrO, composite particles. 
(a) Ba2YCu307.x = 10 kV, BaZr0, = 20 kV; (b) Ba,YCu,O,.x = 20 kV, BaZrO, = 20 kV; (c) Ba2YCu,0,., = 20 kV, BaZrO, = 15 kV; (d) 
BazYCu,07, = '9 kV, BaZrO, = 10 kV. 

charging voltage condition of 10 kV for Ba,YCu,O,, and 20 
kV for BaZrO,. Under this condition, the charging ratio of 
BaZrO, to Ba,YCu,O,, is 7. Note that the charging ratio 
was obtained from the charge imparted to BaZrO,(q,) and 
that of Ba,YCu,O,,(q,) as qz/qy. Figure 1 shows an exam- 
ple of BaZrO,:Ba,YCu,O,, charge of -4: + 4  and -4: + 1. 
The charging ratio of - 4: + 4  is 1 and that of - 4: + 1 is 4. 
Besides, the charge imparted to each particle was calculated 
by using the assumption that each particle was charged to its 
maximum level (saturation level) due to field charging 
(Masuda et al., 1991). This assumption is justifiable in this 
experiment, because the particle flow rate was set at a condi- 
tion such that particles were retained in the charging zone 
for a longer time than that required for complete saturation. 
Figure 4b shows results for a 20 kV charge for Ba,YCu,O,, 
and a 20 kV charge for BaZrO, (charging ratio is 14). Figure 
4c shows results for a charge of 20 kV for Ba,YCu,O,, and 
15 kV for BaZrO, (charging ratio = 19). Figure 4d shows re- 
sults for a charge of 20 kV for Ba,YCu,O,, and 10 kV for 
BaZrO, (charging ratio = 28). Figure 4 shows that BaZrO, 
particles with diameters less than 100 nm adhere onto a 
Ba,YCu,O,, core particle of less than 1 p m  diameter. Ad- 
hesion levels of BaZrO, particles increased according to the 
increase in the charging level. To further investigate the 
tendency of the adhered level to increase with the charging 
ratio, the observed amount of BaZrO, obtained from experi- 
mental results (as shown in Figure 4) was compared with the 
charging ratio of BaZrO, to Ba,YCu,O,,. The observed 
amount of BaZrO, particles adhering to a Ba,YCu,O,, core 
particle was obtained by counting the BaZrO, particles in 
the TEM photographs. BaZrO, particles were observed over 
the whole surface of a Ba2YCu30,, particle. In this evalua- 

tion, the BaZrO, particles were identified by the spectrum 
detected with energy dispersive X-ray spectroscopy (EDS). An 
example of an energy dispersive X-ray spectrum detected in 
core and subcomponent particles is shown in Figure 5. Figure 
5a is the spectrum detected around the core particle 
(Ba,YCu,O,,), and Figure 5b is the spectrum detected 
around the subcomponent particle (BaZrO,). Figure 6 indi- 
cates the relationship of the observed amount of BaZrO, 
particles adhered onto a Ba,YCu,O,, core particle and the 
calculated amount which corresponds to the charging ratio of 
BaZrO, to Ba,YCu,O,,. As can be seen in Figure 6, the 
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Figure 5. EDS profiles detected in Ba,YCu,O,., - 
BaZrO, composite particles. 
(a) Profile detected around the core particle (Ba,YCu,O7+); 
(b) profile detected around the subcomponent particle 
(BaZrO,). 

AIChE Journal Ceramics Processing 1997 Vol. 43, No. 11A 2619 



d 
L 30 
n 
E = 20 
Q, 

c 
'El 

10 

0 

C 

bT I 
I 

10 20 30 
Calculated number 

Figure 6. Relationship between the calculated amounts 
and the observed amounts of BaZrO, parti- 
cles attached on a Ba2YCu307-, particle. 
a-d correspond to Figures 3a-3d. 

observed adhesion amounts of BaZrO, particles are approxi- 
mately proportional to the calculated ones. This result re- 
veals that the electrostatic adhesion process is capable of a 
quantitative control of subcomponent particles adhered onto 
a core particle. 

Sintered body characteristics 
Figure 7 shows how the microstructure of the composite 

bulk body varies in response to charging and uncharging. Fig- 
ure 7a shows a SEM photograph of a polished surface of 
B ~ , Y C U , O , ~ ~ B ~ Z ~ O ,  composite sintered body prepared 
from Ba,YCu,07-rBaZr0, composite powder obtained by 
mixing uncharged Ba,YCu,O,, particles and uncharged 
BaZrO, ones. Figure 7b is a result of a sintered body of 
Ba,YCu,O,,-BaZrO, composite powder obtained by the 
electrostatic adhesion process. Charging conditions for the 
powder corresponds to those of Figure 4d. Sintering condi- 
tions for both composite sintered bodies was 900°C for 30 h. 
The Zr addition ratio in comparison to Y detected by the 

20 30 4'0 
2 8  

50 

Figure 8. X-ray diffraction pattern of the Ba,YCu,O,.,- 
BaZrO, composite powder used for produc- 
ing the sintered body of the electrostatic 
adhesion process. 

ICP was about 1 mol %. As an example of the XRD pattern 
of the powder used for producing sintered bodies, the pat- 
tern of the sintered body of Ba,YCu,O,,-BaZrO, compos- 
ite powder due to the electrostatic adhesion process is shown 
in Figure 8. As shown in Figure 7a, the sintered body pre- 
pared from the uncharged powder indicates an increase of 
BaZrO, particle diameters and pore sizes as compared with 
Figure 7b. Figure 7b shows that the sintered body prepared 
from the powder obtained by the electrostatic adhesion 
process has a uniform dispersion of fine BaZrO, particles 
with diameters less than 100 nm, and relatively small pore 
sizes. This uniformity in the dispersion of subcomponent par- 
ticles in the sintered body obtained by the electrostatic adhe- 
sion process is attributed to the uniform dispersion of BaZrO, 
over the whole of the Ba,YCu,O,,-BaZrO, composite pow- 
der (as shown in Figure 3). 

Furthermore, in the case of a conventional preparation 
method such as the solid state method (Oka et al., 19921, the 
Zr added contribution is effective only after an addition of 
more than 10 mol %. In the case of the electrostatic adhesion 
process, the J, improvement was obtained by 1 mol % Zr 
addition. This substantial improvement of subcomponent in- 
clusions is attributed to the uniform dispersion of the sub- 

Figure 7. Scanning electron micrographs of a polished surface of B~,YCU,O,-~ -BaZrO, composite sintered bodies 
prepared from Ba,YCu,O,., -BaZrO, composite powders. 
(a) Sintered body obtained by mixing uncharged Ba2YCu30,,, particles and uncharged BaZr03 ones; (b) sintered body of Ba2YCu30,,- 
BaZrO, composite powder obtained by the electrostatic adhesion process. 
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component particle in the composite powder and the com- 
posite sintered body prepared by the electrostatic adhesion 
process. Additionally, since the powder prepared by the elec- 
trostatic adhesion process was comprised of fine particles 
produced by the mist pyrolysis method, the sinterability is 
good (Awano et al., 1992) in comparison to the conventional 
method. The Ba,YCu,O,, sintered body having a 90 K criti- 
cal temperature was obtained by sintering at comparatively 
low temperatures such as 900°C. Thus, further improvement 
in J ,  is expected by optimizing the Zr addition ratio and the 
sintering conditions. 

o4 
Critical current density 

The magnetic properties of the Ba,YCu,O,,-BaZrO, 
composite sintered body and the Ba,YCu,O,, monolithic 
sintered body were compared to investigate the contribution 
of intragrain BaZrO, particles to flux pinning. For compar- 
ing the magnetic properties of each sample, it is necessary to 
set at the condition of the nearly same total amount of the 
flux penetrated through the grain boundary when the mag- 
netic field is applied. It is also required to equalize the tem- 
perature difference of Tc(end) and evaluation temperature. 
As the standard of above conditions, Tc(end) of each sample 
was unified to the same value (about 90 K) by regulating sin- 
tering temperature. Consequently, the values of Tc(end) of 
Ba,YCu,O,,-BaZrO, composite bodies sintered at 900°C 
(shown in Figure 7) were in approximate agreement with the 
value of Ba,YCu,O,, monolithic body sintered at 910°C. 
Thus, these sintered bodies were chosen as the sample for 
comparing each property. In .addition, the sintering tempera- 
ture of the Ba,YCu,O,-rBaZrO, composite sintered body is 
lower than that of monolithic body for obtaining same Tc(end). 
This was caused by the decrease of the melting point of 
Ba,YCu,O,, with Zr inclusions, as discussed in the previous 
article (Takao et al., 1994). 

Figure 9 describes the magnetic field dependence of the 
intragrain critical current density (./,,) at 77 K for the 
Ba,YCu,O,,-BaZrO, composite sintered bodies (charged, 
uncharged) and a Ba,YCu,O,, monolithic sintered body 
(monolith). “Uncharged” corresponds to I,, values of the 
composite sintered body as indicated in Figure 7a. “Charged” 
corresponds to J,, values of the sintered body via the elec- 
trostatic adhesion process as indicated in Figure 7b. “Mono- 
1ith”corresponds to ./,, values of the sintered body prepared 
from a Ba,YCu,O,, monolithic powder produced by the 
mist pyrolysis method. Experimental conditions for the 
monolithic powder (such as a concentration of nitrate solu- 
tion and a carrier gas flow rate) were the same as that for the 
composite powder (0.1 mol/L, 1.5 L/min). 

Figure 9 shows that the both composite sintered bodies 
(uncharged, charged) have high J,, values as compared with 
the Ba,YCu,O,, monolithic sintered body (monolith). Both 
composite sintered bodies were sintered at 900°C and the 
monolithic sintered body was 910°C. Thus, the grains of the 
Ba,YCu,O,, monolithic sintered body were of large size 
compared with those of the composite sintered bodies, such 
as the 3 pm of the monolith, the 1.8 p m  of the uncharged, 
and the 1.7 pm of the charged. This result indicates that the 
amount of grain surface area of both composite sintered bod- 
ies are increased compared with the monolithic sintered body. 
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Figure 9. Magnetic field dependence of intragrain criti- 
cal current density (Jc,,,) at 77 K of 
Ba,YCu,O,., -BatrO, composite sintered 
bodies (charged, uncharged) and a 
Ba,YCu,O,-, monolithic sintered body 
(monolith). 
Uncharged corresponds to the J,, values of the composite 
sintered body indicated in Figure 6a; charged corresponds 
to the I,, values of the sintered body via the electrostatic 
adhesion process indicated in Figure 6b; monolith corre- 
sponds to J,, values of the sintered body made from a 
Ba2YCu,0,, monolithic powder produced by a mist pyrol- 
ysis method. 

However, the maximum transport critical current density J,, 
of the monolith was 35 A/cm2 at 77 K in 0 T, and J,, of 
charged was 230 A/cm2. These results show that BaZrO, 
particles contribute to flux pinning in the Ba,YCu,O,, ma- 
trix as flux pinning centers. 

Furthermore, Figure 9 indicates that J,, values of the 
electrostatic adhesion process (charged) are higher in com- 
parison with those of the composite sintered body prepared 
from the uncharged powder (uncharged). This corresponds to 
the microstructure observations shown in Figure 7. The 
Ba2YCu,0,~xBaZr0, composite sintered body of the elec- 
trostatic adhesion process has uniformly and finely dis- 
tributed BaZrO, particles. This result corresponds to the 
increase of the total effective surface area of magnetic flux 
pinning centers. This increase results in flux pinning en- 
hancement which leads to improvement in ./,,.’ Conse- 
quently, the use of composite particles prepared by the elec- 
trostatic adhesion process as a starting powder for sintering 
ensured the uniform dispersion of fine subcomponent parti- 
cles with diameters less than 100 nm in the sintered body, 
and enabled the improvement of properties of the sintered 
body. 

Temperature dependence of intragrain critical current 
density 

The temperature dependence of intragrain critical current 
density J,, was evaluated for supplementing the contribu- 
tion of BaZrO, particles to flux pinning, as discussed in the 
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Figure 10. Temperature ( T )  dependence of the intra- 
grain critical current density ( J c m )  of 
Ba2YCu307~,-BaZr03 composite sintered 
bodies (charged, uncharged) and a 
Ba,YCu,O,-, monolithic sintered body 
(monolith). 
f is T/Tc, T, is critical temperature. 

previous report (Takao et al., 1994). Assuming a function of 
large nonsuperconducting particles as a magnetic flux pin- 
ning center, an empirical temperature dependence of critical 
current density under a fixed magnetic field is yielded as J,  
a 1 - t 2  on Ba,YCu,O,,, where t is T/T,, T is temperature, 
and T, is critical temperature. The large nonsuperconducting 
particles (such as BaY,CuO, particles) are reported to be 
effective to enhance the flux pinning at high temperature, 
that is, T > 60 K (Matsushita et al., 1991). Using this empiri- 
cal temperature dependence above 60 K, it can be checked 
by the contribution to flux pinning of nonsuperconducting 
particles distributed in the matrix, such as BaZrO,. In this 
evaluation, T, was expressed by Tc(onset) read from the tem- 
perature dependence of magnetization, and J,  was expressed 
by Jcm. 

As illustrated in Figure 10, the temperature dependence of 
Jcm of both the Ba2YCu,0,,-BaZr03 composite sintered 
bodies (uncharged, charged) show the reasonable agreement 
with J,  a 1 - t2,  while Jcm of Ba,YCu,O,, monolithic sin- 
tered body (monolith) drops more quickly with temperature. 
These results also show that BaZrO, particles distributed in 
the composite sintered bodies contribute to flux pinning, and 
the electrostatic adhesion process ensures that contribution. 

Magnetic hysteresis loops of crushed powder 
As discussed in Figure 9, the average grain size was differ- 

ent from Ba2YCu,0,,-BaZr0, composite, sintered bodies 
and a monolithic body. In this case, there might be uncertain- 
ties due to the difference of the total amount of flux pene- 
trated through the grain boundary when the magnetic field 
was applied. To eliminate uncertainties due to the size, the 
comparison of the magnetic hysteresis loops were obtained 
on the finely crushed powders of each sintered body, the av- 
erage size of which was smaller than the average grain size of 
the sintered body (Sengupta et al., 1992). Therefore, since 
the crushed powders had similar particle sizes, direct com- 
parisons could be made between the intragrain flux pinning 
effects of composite and monolithic sintered bodies. 

Figure 11 shows SEM photographs of the powders. Figure 
l l a  shows the crushed powder of the Ba,YCu30,, mono- 
lithic sintered body indicated in Figures 9 and 10 as mono- 
lith. Figure l l b  is the Ba2YCu,0,,-BaZr0, composite sin- 
tered body shown in Figures 7a, 9, and 10 as uncharged, and 
Figure l l c  is also composite body shown in Figures 7b, 9 and 
10 as charged. Each crushed powder has similar particle sizes. 

Figure 12 shows magnetic hysteresis loops of each crushed 
powder. The area of hysteresis loop of charged increase com- 
pared to uncharged and monolith. Since the results consti- 
tute direct evidence for the benefits to flux pinning of intra- 
grain pinning effects, Figure 12 supports the conclusion that 
the BaZrO, particles introduce the flux pinning centers into 
the grain, and the use of the electrostatic adhesion process 
enables the contribution to the flux pinning of the intragrain 
pinning effects. Consequently, Figures 9, 10 and 12 indicate 
that the electrostatic adhesion process is effective to intro- 
duce BaZrO, particles as flux pinning centers. 

Figure 11. SEMs of crushed powders of Ba2YCu307., -BaZrO, composite sintered bodies (charged, uncharged) and 
a Ba,YCu,O,., monolithic sintered body (monolith). 
(a) Monolith; (b) uncharged; (c) charged. 
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Figure 12. Magnetic hysteresis loops of crushed pow- 

ders of Ba,YCu,O,., -BaZrO, composite sin- 
tered bodies (charged, uncharged) and a 
Ba,YCu,O,., monolithic sintered body 
(monolith). 

Conclusions 
(1) T h e  electrostatic adhesion process enabled core 

(Ba,YCu,O,,) and subcomponent (BaZrO,) particles to  be 
dispersed more uniformly, and allowed for the control of the 
amount of subcomponent particles adhering to  the surface of 
a core particle by adjusting the charging voltage. 

(2) Sintered bodies made from composite powder pro- 
duced by the electrostatic adhesion process showed a uni- 
form dispersion of fine subcomponent particles (BaZrO,) 
with diameters less than.lOO nm. 

(3) Transport and intragrain critical current density of the 
Ba,YCu,O,,-BaZrO, sintered body prepared by the elec- 
trostatic adhesion process increased in comparison to the 
monolithic Ba,YCu,O,,. The temperature dependence of 
critical current density of the composite was yielded as J, a 1 
-(T‘’Tc)2, and the area of magnetic hysteresis loops of the 
crushed powder also increased. It was clarified that the elec- 
trostatic adhesion process was effective for the introduction 
of BaZrO, particles as flux pinning centers. 
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